The growth characteristics of Escherichia coli B cultures treated with dihydrostreptomycin and then freed from extracellular antibiotic before growth had completely stopped, were examined. Growth, measured by extinction, proceeded exponentially, but at slower rates for a time, followed by gradual recovery. The degree of slowing of growth rate was a function of the duration of growth in the presence of a given concentration of dihydrostreptomycin. Comparison of viable colony count data and microscopic observation of such treated cultures showed that the majority of individuals in the populations must grow at the lower rates for two-three generations, after which some organisms cease to multiply and the rest recover. The proportion of organisms in treated populations which eventually ceased to grow was also a function of the duration of treatment. The amount of growth (cell synthesis), which had occurred a t the time when onset of recovery became measurable, varied inversely with the yo inhibition of growth rate. This suggests that recovery was due to some process not inhibited during the phase of inhibited exponential growth. It is concluded that intracellular dihydrostreptomycin consists of an 'inhibitory fraction' at the sites of inhibition, and a non-inhibitory 'pool' fraction; that the size of the latter varies between different individuals within a population and that transfer from ' pool ' to inhibitory sites occurs by a process other than equilibration; e.g. that the factors which govern the uptake into these two phases must be, at least partly, independent. It is suggested that the degree of inhibition of growth rate reflects the extent of combination between antibiotic and inhibition sites at the time when extracellular dihydrostreptomycin is removed and no further uptake into the organisms can occur, and that the complex between dihydrostreptomycin and inhibition sites cannot dissociate to give active antibiotic which could re-enter the 'pool'.
INTRODUCTION
After an extensive survey of the literature for a review on the mode of action of streptomycin (Kogut & Lightbown, 1964a) , we became impressed with the desirability of dissociating the effects of this antibiotic on microbial growth from those connected with its entry into the organisms. Some aspects of the latter process have been described for a number of organisms by Pramer (1956), Litwak & Pramer (P957), Szybalski & Mashima (1959) , Hancock ( 1 9 6 2~) and Hurwitz & Rosano (1962) . I n the preceding paper (Kogut, Lightbown & Isaacson, 1965) we described a technique for studying the effects of dihydrostreptomycin on the growth of Escherichia coli B, uncomplicated by the continued accumulation of the antibiotic 1 yo (w/v) agar. Pour-plate and, in some experiments, drop counts (Miles & Misra, 1938) were made, each colony count determination being obtained from platings in triplicate from each of two different dilutions. Colonies were counted after incubation a t 33-35' for 48-72 hr.
Direct observation of multiplication. For direct observation of the growth and division of bacteria from a culture, two methods of cultivating 20-60 organisms on solid media were used. Method A allowed the initial stage of growth, soon after the removal of extracellular dihydrostreptomycin, to be followed for about three divisions; method B was suitable for the observation of later phases of microcolony formation.
Method A . Samples withdrawn from the culture at the same time as plating for colony counts, were diluted in growth medium +Om2 yo (w/v) agar held at 35-40', so that a drop which would just fill a Thoma counting chamber of 0.02 mm. depth contained 30-60 organisms. A cover-slip was placed over the drop but not sealed, and the slide immediately placed on the stage of a Cooke, Troughton & Simms binocular microscope which was mounted in a hot box, constructed of Perspex, with a thermostat and heater which allowed the ambient temperature to be held at 83-35'. The organisms were viewed by phase contrast with a x 40 objective and a x 8 ocular, and the position of the organisms in the grid of the Thoma chamber noted. The whole grid was then viewed at about hourly intervals and the numbers and positions of organisms recorded. The success of this method depended on the bacteria retaining their positions in the grid in which they were originally recorded. Usually, the agar set sufficiently for the movement of organisms to cease within 30-60 min. from the time they were placed on the slide. Preparations in which more than a few of the bacteria moved from their original positions after this time had to be discarded. Under these conditions it was possible to count with certainty up to ten organisms derived from individual bacteria at the first viewing, and to estimate up to about sixteen organisms per cluster. This technique allowed the fate of individual bacteria to be observed for about three generations. At later stages, the bacteria became rather crowded and may have exhausted their nutrients. Also, because of the longer generation times in dihydrostreptomycin-treated cultures, incubation beyond this point tended to produce drying of the agar. Postgate, Crumpton & Hunter (1961) have described a similar method for the estimation of viability in a number of organisms. They found that the proportion of bacteria which did not give rise to visible colonies on conventional plate counts was the same as the proportion which did not divide at all during direct microscopic observation for 2-6 hr, according to the organism and the growth temperature; this was approxi-mately three generation times. They used ' home-brewed tryptic meat medium' and state that the method was not suitable for establishing this relationship in the case of Escherichia coli B because these bacteria tended to form long ramifying filaments. Like Bretz (1962) we did not observe such filament formation under our conditions of growth on a mineral salts medium + 0.2 yo glucose and incubation a t 33-35'.
Method B. In this method, for which we are indebted to Mr M. Young of this Institute, bacteria were cultivated on the surface of agar medium in such a way that they were evenly spread over a fairly large area and could be observed for 24 hr or more. An 'England Finder' slide (Graticules Ltd., London, E.C. 1) was used;
this has an etched grid of letters and numbers which can be viewed through a thin agar layer, thus allowing individual bacteria to be repeatedly located. The slide was placed on a levelling table and covered with a thin even layer of 1 yo agar nutrient medium by rapidly pipetting on to it 0.5 ml. which had been kept at 80-100". After this had set (usually in 3-5 min.) it was trimmed with a razor to an area which was a little less than that of a 0.75 in. cover-slip. The slide was then kept in a sterile Petri dish containing moist lint until ready for use. Culture samples, withdrawn at the times of sampling for colony counting, and diluted in growth medium without glucose, were adjusted to concentrations of about 10,000 to 20,000 bacterialml. A drop of this suspension (about 0.01 ml.) was placed on the agar square and spread slightly by tilting. When the drop was the right size, and a cover-slip placed carefully on it, the bacteria were evenly distributed. When the drop was too large the placing of the cover-glass tended to crowd the organisms a t the edges of the agar square. A seal of liquid paraffin in the space between agar, slide and cover-glass prevented drying of the agar during prolonged incubation. (This means that the bacteria were growing anaerobically most of the time; but we showed in the preceding paper, Kogut et al. 1965 , that anaerobic and aerobic growth were equally affected after the previous aerobic growth in presence of dihydrostreptomycin.) Two preparations, one for control and one for dihydrostreptomycin-treated cultures, were usually placed on the same England Finder slide and incubated on the microscope stage in a hot box at 33-50'. With this method it was difficult to identify with certainty single bacteria, and t o search the area for these in a reasonable period of time (30-60 min.) because of the few organisms originally spread over a comparatively large area, the thickness of the agar, and dust and debris on its surface which could not be avoided. We therefore started observations after a sufficient incubation period to allow for one to two divisions, and scored only units of two or more bacteria. By using phase contrast with a x 2 0 objective and a x 8 ocular throughout, we recorded the position, by letter and number of the England Finder grid, of 30-60 units of two or more bacteria, a t the first search, and then relocated them after periods of incubation and scored their ' growth'. A more rapid method of scanning the slide for groups of fifty or more organisms was suggested by Mr M.
Young. This consisted in viewing with a x 20 objective but 95 phase, which gives a picture of lower magnification than ordinary phase and needs less precise focusing. The agar appeared as a dark background, and all debris and objects on its surface as bright spots. Among these, groups of bacteria were easily distinguished by a bluish fluorescent appearance, as well as by their shape.
RESULTS
I n the preceding paper (Kogut et al. 1965) it was reported that when aerobic cultures of Escherichia coli B were taken during exponential growth in the presence of dihydrostreptomycin but before growth had ceased, and treated to remove extracellular antibiotic, they continued to grow, aerobically as well as anaerobically, at apparently exponential though slower rates. It was also shown that the degree of inhibition of growth rate was a function of the duration of previous aerobic growth in presence of dihydrostreptomycin, and of the initial concentration of this antibiotic. Aerobically, this inhibited logarithmic growth appears t o proceed for several hours, after which time the growth rates increase and gradually return to those of untreated controls. Figure 1 depicts a representative experiment of this kind, in which three of four samples continued to grow at apparently exponential inhibited rates, and all eventually recovered normal growth rates.
Two features of the inhibited growth of Escherichia coli B after treatment which
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had allowed intracellular accumulation of dihydrostreptomycin, but in the absence of extracellular antibiotic, seemed relevant to the mode of action of this antibiotic; namely, the apparently exponential nature of inhibited growth during the first few hours and the recovery in growth rates. The apparently exponential nature of inhibited growth. Inspection of the records from many experiments of the above kind showed that in most cases the initial phase of inhibited growth appeared to be truly logarithmic, as far as could be determined over the periods concerned and by the methods available. We considered the Mean value for colony-forming units/ml./E,n, = 1-98 x lo8.
possibility that such apparently exponential growth curves might be obtained if a proportion of the population were not growing a t all, and the rest were growing a t uninhibited rates. Figure 2 compares growth curves calculated on the assumption that x % of the bacteria were not growing a t all and the remainder were growing a t uninhibited rates, with those curves actually observed in four experiments, where growth rates were inhibited by x yo. It is clear in Fig. 2 that for inhibition of growth rates by more than 2O%, the two sets of growth curves are easily distinguishable. than x yo, the growth rates of the remainder would have to be even slower. I n other words, for any population of bacteria containing only those growing normally or not a t all, to yield growth curves of the kind observed, the percentage of 'dead' bacteria would have to be larger than the yo inhibition of growth rates.
Whether such a situation existed could be tested directly by observing the fate of individual bacteria during periods corresponding to the phase of apparently exponential, but slower growth in liquid culture, With the method A, outlined in Methods, the number of bacteria which had not divided a t all, could be evaluated. Table 1 shows that the numbers of bacteria (out of those originally placed on the slides) which had not divided a t all in about three generation times were similar in the dihydrostreptomycin-treated cultures and in controls.
Examination of the proportion of bacteria able to give visible colonies. A further
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G. Microb. XXXIX test for the possibility that a certain percentage of the population were not multiplying at all, would be provided by examination of the proportion of bacteria able to give visible colonies. I n untreated, exponentially-growing cultures of Escherichia coli the colony count increased in parallel with other measurements of growth, Observed changes in ratio of colony-forming units/ml./E,,, with time after treatment with dihydrostreptomycin, compared with calculated changes. Calculations are based on the assumption that % decrease in ratio of colony-forming units/ml./E,,, from controls = yo of population not multiplying, and the changes in ratio of colony-forming unitslm1.l ESw during growth shown in Fig. 4 e.g. extinction (Em) and the ratio of colony count to E5m, which is thus a measurement of the proportion of bacteria in the culture able to give visible colonies, was found to be constant (see Table 2 ). If, after treatment with dihydrostreptomycin, and removal of extracellular antibiotic, some bacteria were unable to multiply at all, and others were multiplying a t normal, or even at inhibited rates, then the ratios of colony counts (colony-forming units/ml.)/Em of such cultures should be increasing with time, at rates determined by the proportions of non-multiplying bacteria and the growth rates of the remainder. Figure 3 shows the rate of change of E500 and colony-forming unitslml. (both plotted as log,) and of the ratio of colonyforming units/ml./E5,, of a culture filtered after aerobic growth for 75 min. in the presence of 20,ug. dihydrostreptomycin sulphate/ml. when the apparently logarithmic growth rate was inhibited by approximately 5 0 % . Although the ratio of colonyforming units/ml./E,, was much lower than the mean control value (by about 60 yo) it remained more or less constant during most of the phase of logarithmic but inhibited growth. It can be calculated that if xyo of the bacteria in a population were not multiplying, then the ratio of colony-forming units/ml./E,, should increase during growth as illustrated in Fig. 4 . With the use of this graph, and assuming that % decrease in colony-forming units/ml./E,,, from controls = yo of population not multiplying, one can calculate the expected increase in colony-forming units/ml./E5,, for any interval of growth, from the experimental data on growth rates and colony-forming units/ml./E5,,. Table 3 compares these calculated changes in the ratio of colonyforming units/ml./E5,, with those actually recorded in a number of experiments. It is clear that the majority of bacteria in these populations must have been multiplying throughout the periods of 'logarithmic but inhibited growth' when the samples were taken, However, when the extent of decrease in colony-forming units/ml./E5,, (as yo of control values) after treatment with dihydrostreptomycin was determined in many experiments, it was found to be a function of the duration of previous aerobic growth in the presence of the antibiotic (as shown in Fig. 5 ) in the same way as was yo inhibition of growth rates.
There was thus an apparent paradox in the behaviour of such dihydrostreptomycin-treated cultures. On the one hand growth of liquid cultures (measured by E500) direct microscopic observation of individual organisms for three generation 12-2 times, and the constancy of the ratio colony-forming units/ml./EW during this period, suggested that nearly all the bacteria in such cultures were initially able to multiply. On the other hand experiments which measured the proportion of bacteria able to give visible colonies after prolonged incubation on solid media showed these to be reduced in such dihydrostreptomycin-treated cultures.
These discrepancies might have arisen from differences in the methods involved. Thus some of the bacteria in the antibiotic-treated cultures (their number varying with the duration of treatment) might have been damaged in such a way that some factor involved in the colony count technique, but not in the slide or liquid culture, rendered them unable to divide. Such a situation was described for phenol-treated Escherichia coli, including strain B, by Harris & Whitefield (1963) . Two such possible factors, namely, altered temperature sensitivity and adherence to glassware, as a result of dihydrostreptomycin-treatment, were considered by us. By using the Miles & Misra drop technique, to avoid contact of bacteria with molten agar, portions of the final dilutions for plating were incubated, for 10 min. each, at room temperature (18"), 40, 45, 48 and 50". At incubation temperatures of 48" and 50°, all cultures showed a decrease in colony count, but in the dihydrostreptomycintreated cultures this was more marked than in the controls. After incubation a t 40" and 45O, controls and dihydrostreptomycin-treated bacteria behaved similarly ; all showed small and variable decreases in colony counts as compared t o those incubated at room temperature, but this did not affect significantly the loss in proportion of colony-forming units/ml./E5,, following antibiotic treatment. I n general, and with 10 min. of incubation at room temperature, the loss in proportion of colony-forming units after dihydrostreptomycin treatment appeared slightly larger with the Miles & Misra drop technique than in pour plates (of the order of 10-15 yo). I n the pour-plate method, the agar was kept in a water bath at 41 before pouring.
If increased adherence to glass were to account for the apparent reduction in viable units, then the percentage loss would increase with the number of serial dilutions used. I n the Miles & Misra drop technique the aim is to count about 30 colonies from drops of 0.02 ml., whilst in the plate counts dilutions to about 100 colony-forming units/ml. are used. The latter method, therefore, involves a larger number of serial dilutions, and should give the greater yo decrease in colonyforming unit~/ml./E~~,. This was not the case.
The possibility that an increased tendency to clump could account for the apparent decrease in colony-forming units/ml./E,,, with dihydrostreptomycintreated bacteria, was considered to be unlikely; only occasionally slight clumping was observed in direct microscopic examination and incorporation of ' Lissapol ' (Norris & Powell, 1961) into the diluents did not affect the results of plate counts.
A different interpretation of the discrepancy between logarithmic growth in liquid cultures a t inhibited rates, coupled with the ability of all bacteria in the cultures to divide for a time, and the inability of a proportion of these bacteria to give visible colonies in conventional plate counts, may be suggested. This is that at some time, corresponding to the end of the period of inhibited logarithmic growth, a proportion (varying in size with the duration of antibiotic treatment) of the bacteria in such populations ceases to divide. during the first few hours of incubation on the slide, it always continued to grow and divide; occasionally some (10-20 yo) of the clones in the treated cultures appeared somewhat retarded, but they eventually reached the same colony size (diameter) as did those of controls. This left us with the question about what happens during the first few generation times after the removal of extracellular antibiotic. We have shown that with method A one cannot distinguish the dihydrostreptomycin-treated from control cultures on the basis of Yo of bacteria which undergo no division during three generation times. With method B, however, there was a difference between control and treated cultures. I n the former, bacteria which had divided a t least once could be recognized with almost complete certainty, and practically all the organisms scored initially as two or more bacteria continued to grow and divide. In the dihydrostreptomycin-treated cultures it was much more difficult to recognize such small groups of bacteria; a much larger proportion of those recorded initially (particularly of those considered 'doubtful') later could not be recognized or remained unchanged. Table 4 shows a number of such observations on control and dihydrostreptomycin-treated cultures. Recorded are the approximate number of generation times of incubation on the slide at the first observation (calculated from the growth rates in liquid culture) and the growth stage actually reached at the first observation (in numbers of bacteria per group). The wide spread in the latter values can be partly accounted for by the length of time it took to search the slide a t this stage (1-3 hr) and partly by the distribution of division times and growth rates within populations. The groups of organisms first recorded are subdivided into those ' judged positively as bacteria having divided ' and those classified as ' doubtful '
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(these latter were usually the smaller groups of bacteria, as mentioned above). I n dihydrostreptomycin-treated cultures, none of those first judged as ' doubtful ' were later found to have grown, whilst in the controls some of these did later give colonies (expt. 1). Of those first judged as 'positive' in the control cultures, almost all grew to colonies, whereas in the treated cultures a proportion was later found to be of doubtful appearance, unchanged in size, or could no longer be recognized. These observations indicate that in the dihydrostreptomycin-treated cultures, a proportion of bacteria did not divide more than once or twice and that such bacteria may change in appearance, or in some cases lyse, so that not all of these are recorded. Postgate et al. (1961) reported that populations of Aerobacter aerogenes of intermediate viability (20-70 %) contained a proportion of organisms which appeared to attempt multiplication but failed, and were seen as 'drum-stick or spherical bodies of low contrast and not easily recognized'. Because of this suggestion of altered appearance, the values for ' proportion of bacteria which stopped growing ' in Table 4 , must be minimal, since one cannot estimate the number of those which might have ceased to divide and changed their appearance by the time the first observations were made.
The recovery in growth rates after inhibited exponential growth of Escherichia coli B in the absence of extracellular antibiotic
This second feature of growth of dihydrostreptomycin-treated cultures of Escherichia coli B in the absence of extracellular antibiotic, the recovery of growth rates, is illustrated in Fig. 1 and occurred in all cases except where growth was completely inhibited. To observe the whole of this recovery phase and to determine whether the growth rates actually returned to normal, cultures had to be diluted with fresh medium at times when it was judged from extinction measurements that they were nearing exhaustion of nutrients. Under these conditions they returned to normal or very nearly normal growth rates.
Such growth curves showing apparent recovery, at first suggested outgrowth of streptomycin-resistant, or of uninhibited organisms present in the culture at the time of filtration. Duplicate platings for colony counts on the ordinary agar medium and on agar medium + dihydrostreptomycin sulphate 20 ,ug./ml. were made, on controls and at various times after addition of dihydrostreptomycin. Table 5 shows that in control cultures such resistant organisms numbered about 1 3 / 1 0 s colonyforming units. In the treated cultures, the highest proportion of resistants found was 20/108 colony-forming units, but there was no consistent accumulation of resistant organisms over total viable organisms with duration of growth (difference between S 1 and S 2). Only in one case (expt. 1) was there a greater increase in the number of resistant organisms/ml. (93-fold) than in the total colony count/ml. (12-5-fold) during 400 min. of growth. In this experiment, the last count, a t 470 min. after adding dihydrostreptomycin, was well within the recovery phase of the growth curve, but it can be easily seen that 280 resistant organisms/ml. would have been quite undetectable by extinction measurements (ItNo 1.0 = 1.9 x 1 0 9 colony-forming units/ml.). It is obvious, therefore, that the apparent recovery in growth rates which usually followed inhibited logarithmic growth after treatment with dihydrostreptomycin and removal of extracellular antibiotic, could not have been due to outgrowth of pre-existing organisms resistant to dihydrostreptomycin 20 ,ug./ml. or to sudden bursts of mutations giving resistant organisms in sufficient numbers. Regarding the possibility that continued uninhibited growth of some bacteria might account for the observed recovery phase, it has already been shown by consideration of Fig. 2 that if the observed growth curves were contributed in part by growth of individual organisms at uninhibited rates, then the proportions of nonmultiplying bacteria would have to be larger than those found. It can also be calculated from experiments in which colony-forming units/ml. were determined in the recovery phase as well as during the phase of inhibited logarithmic growth ( Table 6 ) that if all those colony-forming units counted in the recovery phase had arisen at uninhibited rates ( p = 1) then they could have constituted only a fraction of the bacteria counted during the logarithmic phase of inhibited growth as able to give visible colonies.
It would appear therefore, that the observed increases in growth rates, whether measured by extinction or colony-forming units (Fig. 3) must represent genuine recovery of at least a substantial portion of the treated populations. It would seem reasonable to assume that such recovery from inhibition would set in after a certain amount of cell synthesis had occurred; in other words that it would depend on the number of cell-multiplications, so that the inhibited, or inhibitory, factors were diluted out by multiplication. In such a case one would expect the onset of recovery to appear after a given number of doublings in bacterial mass or numbers, irrespec-tive of the growth rates, and hence to occur later on the time scale in the more inhibited cultures. Although the time of onset of recovery cannot be evaluated with precision, inspection of Fig. 1 shows that it was more or less the same in all the samples, whilst total cell synthesis (difference in log, between filtration and onset of recovery) which had occurred at this time varied in the different samples. I n Fig. 6 the duration of inhibited logarithmic growth before onset of recovery (Fig. 6 a ) and the total cell-synthesis during this period (expressed as doublings) (Fig. 66) are plotted against the growth rates for several experiments. It can be seen in Fig. 6 a that for a 20-fold change in growth rate, the estimated time of onset of recovery varied only about %fold. The doublings in cell mass, synthesized during inhibited growth, and before the onset of recovery, however, varied directly with the growth rate. Such a situation suggests that recovery must be a consequence of some process which is not inhibited, during the time that exponential growth is inhibited, by the treatment with dihydrostreptomycin.
DISCUSSION
Most of the literature on the mode of action of streptomycin deals with experiments where the uptake of the antibiotic by the cells is continuous, so that intracellular concentrations are not constant but increasing; hence the inhibition of growth appears to be cumulative. Under these conditions, factors which influence the intracellular accumulation of antibiotic cannot be distinguished from those which affect its intracellular mode of action, and many of the diverse effects of environmental factors on the antibiotic action of streptomycin and dihydrostreptomycin reported in the literature, might have been due to effects on their uptake into the cells, and hence their intracellular concentrations (Kogut & Lightbown, 1964 a) .
The present and earlier studies (Kogut & Lightbown, 1963, 19646) have shown that after treatment of Escherichia coli B with low concentrations of dihydrostreptomycin under conditions where uptake and intracellular accumulation are known to occur (Hancock, 1962a; Hurwitz & Rosano, 1962) and subsequent removal of extracellular antibiotic a t various times, the cultures continue to grow at slower but exponential rates for periods of several hours, after which the growth rates gradually return to normal. Dubin & Davis (1962) used a similar technique to study what they described as ' streptomycin-triggered ' effects. They apparently assumed that filtration and washing removed the intracellular as well as the extracellular antibiotic. We, on the other hand, assume, supported by the data of Hancock (1962 a) , that after such filtration and washing treatments, the cultures continue to grow in the presence of more or less constant amounts of intracellular antibiotic. However, cultures are populations of individuals which vary, within certain limits, in physiological properties, so that individual values are distributed around a mean. The parameters which are usually measured, such as growth rates, are mean values, and the intracellular concentrations of dihydrostreptomycin in the individual bacteria of such cultures should also be distributed around a mean. The extent of inhibition of exponential growth in treated populations was found to be a function of the duration of previous aerobic growth in a given external concentration (,ug./ml.) of dihydrostreptomycin. It seems reasonable to assume that it is a function of the mean intracellular concentration of the drug in the individuals of the population. However, although such populations grow exponentially but at slower rates for several hours, colony count data and direct microscopic observations show that later some of the bacteria cease to multiply, whilst others multiply a t accelerating rates and eventually return to normal growth rates. The proportion of bacteria in these two fractions (estimated from measurements of colony-forming units/ml./E,,,) was almost constant during the exponential phase of inhibited growth, and was a function of the duration of previous growth in a given concentration of dihydrostreptomycin. Hurwitz, Landau & Doppel (1962) claimed that the loss of ability to form macro-colonies after exposure of Escherichia coli to streptomycin closely paralleled the loss of ability to divide a t all. They correlated the yo of bacteria from streptomycin-treated cultures which did not give visible colonies in colony counts with the yo of bacteria which did not undergo division when observed microscopically during incubation for 90 min. on slides covered with nutrient agar. They treated cultures in nutrient broth with 1 pg. streptomycin/ml. for 1, 17.5 and 35 min. Since they gave no indication of how this treatment affected the growth rates of their populations, and since there were no data for untreated controls, it is difficult to evaluate whether incubation for 90 min. on the slides was sufficient for any division to have occurred. From our experience it would seem that in their third experiment, where they state that 99 yo of the population was unable to give macro-colonies, the growth rate must have been similarly inhibited, so that the mean generation time would have been increased by a factor of about 10, and no division would be expected to occur during 90 min. of incubation.
It seems to us of importance, at this point, to examine the significance and interpretation of ' viable count ' measurements in relation to antibiotics. To state the obvious, the technique of 'viable', or colony counting, measures the number of organisms, or units, in a measured sample of a population which can grow and divide sufficiently to give visible colonies. When a growth-inhibitory substance, such as dihydrostreptomycin, or streptomycin is added to a population, and samples removed for viable counting, then provided that a sufficient dose were taken up rapidly by all the individuals, and this was not removed from the bacteria by the dilutions and washing involved in the technique, the viable count should immediately fall to zero. This is not usually the case, mainly because the bacteria do not accumulate growth-inhibitory concentrations of the drug instantaneously. In such cases, e.g. with such growth-inhibitory substances, ' viable counts ' then measure the number of units in the population which do not contain growth-inhibitory concentrations. The use of the term 'bactericidal' when referring to the effects of antibiotics which are known to be growth-inhibitory under the experimental conditions used, seems meaningless, unless one could ensure that all, including the intracellularly held, antibiotic were removed from the organisms prior to plating; or its use must be merely operational, denoting the irreversibility of binding at the inhibitory sites. I n the case of streptomycin, available evidence (Hancock, 1962 a, b , Spotts, 1962) suggests in fact that it is very tightly bound to some inhibitory sites.
The decline in ' viable count ', and in our case, the reduction in the ratio of colonyforming units/Em, as a function of the duration of treatment with the antibiotic, must therefore reflect the rate of acquisition and retention of growth-inhibitory antibiotic concentration by individuals in the population. In other words, the ratio of colony-forming units/ml./E,,, after a given treatment with dihydrostreptomycin should measure the proportions of bacteria in the treated population whose intracellular concentrations of the drug are insufficient to inhibit growth completely, It has been suggested that streptomycin (and dihydrostreptomycin) acts by combining with ribosomes, free from messenger RNA, and prevents their functioning in protein synthesis (Erdos & Ullman, 1959 Davies, 1964) . It has also been shown that in normal exponentially growing cultures of bacteria the rate of protein synthesis per (functioning) ribosome is constant, and that changes in growth rates are reflected by changes in ribosome content per cell (Schaechter, Maalae gC Kjeldgaard, 1958) . If one assumes that changes in growth rates could be brought about by changes in content of functioning ribosomes, then exponential growth of dihydrostreptomycin-treated populations at rates equal to x of those of controls could mean that the bacteria were multiplying with x y o of their ribosomes functioning. If this were the case, the inhibition of growth rate should be proportional to the degree of saturation of the inhibitory sites.
As y yo of such populations later cease to grow, and must therefore have intracellular drug concentrations which will eventually inactivate all their ribosomes, it would follow that the total intracellular antibiotic concentrations of these bacteria must be larger than those necessary to saturate the inhibitory sites initially. We thus conclude that intracellular dihydrostreptomycin (and presumably streptomycin) can be in two phases : an inhibitory fraction a t the sites of inhibition (presumably the ribosomes) and a non-inhibitory 'pool' fraction from which the drug could be transferred to inhibitory sites when these become available. The sizes of such pools are assumed to differ in different individuals of treated populations. It is implicit in this hypothesis that there cannot be free interchange between ' pool' and inhibitory sites. The statement by Hancock (1962b) that 'death of the organisms does not appear to follow inevitably the attainment of a certain intracellular concentration of streptomycin, since at lower streptomycin concentrations the organisms were killed after a smaller amount of streptomycin had been taken up and vice versa' already led us to conjecture that the intracellular antibiotic might be heterogenously distributed, and that the amounts in the different phases might be governed by independent factors. Spotts (1962) showed that intracellular streptomycin accumulated by a streptomycin-dependent strain of Escherichia coli consisted of a 'loosely held pool, extractable with hot water, and a firmly-bound fraction, extractable only by hot perchloric acid'. On the other hand, attempts at differential extraction of intracellular 14C-streptomycin by Hancock (1962 b ) gave no clear-cut results. It seems likely that the existence and size of such 'pools' might vary with the organism and conditions of growth (Kogut & Lightbown, 1964a) . I n our experiments, then, degree of inhibition of growth rates (which are population means) would reflect the degree of saturation of the inhibitory sites at the time of removal of extracellular dihydrostreptomycin, whilst the different percentages of bacteria in the populations which eventually ceased to grow would reflect the different distributions of total intracellular concentrations (and hence pool sizes) of dihydrostreptomycin within these populations. Thus the y% of the treated populations which eventually ceased to grow would be those whose 'pools' were sufficiently large and stable to continue to transfer antibiotic for combination with 'free' ribosomes as these became available. The rest of the populations, whose growth rates eventually recover, would be those whose ' pools ' were exhausted before all ribosomes had been inactivated. The fact that the onset of recovery in growth rates does not depend on a given amount of cell synthesis, but occurs after smaller amounts of synthesis with increasing inhibition of growth' rate, would suggest that synthesis of ribosomes is uninhibited in the presence of intracellular dihydrostreptomycin as long as growth inhibition is not complete. Such continued ribosome synthesis could then lead to recovery of growth when all intracellular antibiotic had been bound to existing ribosomes and had become unavailable for further combination with new ribosomes, This view implies that active antibiotic cannot be regenerated from the inhibitory ' ribosome-dihydrostreptomycin complex '
and hence cannot re-enter the 'pool'.
Whilst this paper was in preparation, Hurwitz, Doppel & Rosano (1964) reported on the effects of duration of exposure to various concentrations of streptomycin on viability and protein synthesizing ability of Mycobacterium fortuitum. Their data on 14C-leucine incorporation, as a measure of protein synthesis, provide a striking parallel to ours on growth, measured by extinction, for the eventual recovery of normal rates after removal of extracellular antibiotic.
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